Rat serosal mast cells contain cytoplasmic secretory granules composed of a proteoglycan matrix in which histamine and neutral proteases are embedded. On stimulation, these granules are exocytosed, but some of them remain in the degranulation channels where on exposure to the extracellular fluid, they lose their histamine and a fraction of their proteoglycans. In vitro, such granule remnants efficiently bind low density lipoprotein (LDL) present in the incubation medium. After a lag period of about 10 minutes, the granule remnants, still within the channels and coated with LDL particles, are internalized by the parent mast cells. During subsequent recovery from degranulation, the apolipoprotein B of the intracellularly located remnant-bound LDL becomes efficiently (up to 70%) degraded by the proteolytic enzymes of the granule remnants. Since the granule remnants lack cholesteryl esterase activity, no LDL cholesterol is made available for cellular nutrition. Instead, selective proteolytic degradation of the bound LDL leads to formation of LDL particles enlarged by fusion on the granule remnant surface. In response to restimulation of the mast cells, about 50% of the fused LDL particles are exocytosed with the granule remnants. Of these, about one in five are expelled into the incubation medium. The granule remnants that again remain in the degranulation channels bind and internalize more LDL. This "round trip" of LDL in mast cells exposed to repeated stimulation constitutes a hitherto-unknown intracellular pathway for modification of LDL. T he cholesterol found in atherosclerotic lesions is mainly derived from low density lipoproteins (LDLs) that have penetrated into the intima, the inner layer of the arterial wall.
T he cholesterol found in atherosclerotic lesions is mainly derived from low density lipoproteins (LDLs) that have penetrated into the intima, the inner layer of the arterial wall. 1 Native LDLs are not effectively metabolized by macrophages, which are the precursors of most of the cholesteryl ester-filled foam cells found in atherosclerotic lesions. 2 Therefore, it has been postulated that LDL must be modified in the intima to be recognized and taken up by macrophages. 3 -3 One cell type that is present in atherosclerotic lesions in both animals and humans 6 -7 and that is capable of modifying LDL and carrying it into macrophages 8 is the mast cell. The most characteristic morphological feature of mast cells is their cytoplasmic secretory granules. These organelles are thought to represent specialized primary lysosomes. 9 The granules are composed of a proteoglycan matrix in which are embedded the other components, such as histamine and neutral proteases. 9 The matrix is composed of heparin proteoglycans and oversulfated chondroitin sulfate proteoglycans in various proportions, depending on the particular subpopulation of mast cells. 10 The neutral proteases of rat serosal mast cells, the model in our studies, consist of two proteases with complementary specificities: a chy-Kokkonenetal LDL "Round Trip" in Mast Cells reinternalized within a few minutes when the channel openings of the recovering mast cell close. During the ensuing "recovery period," each granule remnant acquires a membrane, and after several days when it has regained its lost constituents, it reappears as a secretory granule in the cytoplasm of the mast cell. 19 Previous studies have shown that stimulation of mast cells in the presence of LDL leads to binding of LDL to the extracellular granule remnants that are expelled from the mast cells. 20 Furthermore, once LDL is bound to the granule remnants, the proteolytic enzymes of the remnants begin to degrade the apolipoprotein B (apo B) component of LDL. 21 This proteolytic degradation of remnant-bound LDL leads to fusion and enlargement of LDL particles followed by the binding of more LDL to the granule surface. 22 - 23 When macrophages phagocytose these LDL-laden granule remnants, the cholesteryl esters of LDL are converted into nonmembrane-bound cytoplasmic cholesteryl ester droplets, with formation of the macrophage-derived foam cells that are typical of atherosclerosis.
l8 > 22 In a recent series of experiments, we showed that LDL also binds to the granule remnants located in the degranulation channels of stimulated mast cells. 16 Moreover, we demonstrated that such remnant-bound LDL was internalized by the mast cells, along with the granule remnants. Indeed, a single stimulation of mast cells caused them to be filled with material that stained positively (with oil red O) for neutral lipid. This change was accompanied by a 30-fold increase in the cellular content of cholesteryl esters. Thus, at the light microscopic level, stimulation of mast cells did produce lipid-filled mast cells that morphologically resembled macrophage-derived foam cells. In the present report, we describe the metabolic fate of the LDL internalized by the mast cell.
Methods

Materials and Animals
Sodium [ C]sucrose (>350 Ci/mmol), and [l, 2- 3 H]cholesteryl linoleate (66-77 mCi/mg) were purchased from Amersham International. Bovine serum albumin, chloroquine, compound 48/80, heparin, and soybean trypsin inhibitor were obtained from Sigma. Human serum albumin was purchased from Kabi Diagnostica, and phenylmethylsulfonyl fluoride (PMSF) was obtained from Boehringer Mannheim. Dulbecco's phosphate-buffered saline (PBS) and RPMI 1640 culture medium with 25 mM Af-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid were purchased from GIBCO. Male Wistar rats (200-500 g) were obtained from the Laboratory Animal Center of the University of Helsinki.
Preparation and Labeling of Lipoproteins
Human LDL (d=1.019-1.050g/ml) was isolated from plasma by sequential ultracentrifugation, 24 Colloidal gold particles (15 nm) were prepared and conjugated to LDL as described by Robenek et al. 28 Gold-LDL preparations were examined by transmission electron microscopy using negative staining and were found to contain 3-5 LDL molecules per gold particle. In these experiments, the labeled lipoproteins were diluted with unlabeled LDL to give the specific activities indicated in the figure and table legends.
Isolation of Mast Cells
Mast cells were isolated from the peritoneal and pleural cavities of rats as described, 16 resuspended in buffer A (PBS supplemented with 10 mg/ml human serum albumin and 5.6 mM glucose, pH 7.3), and immediately used for experiments.
Uptake and Degradation of LDL by Recovering Mast Cells
The standard incubation was conducted in 200 fi\ buffer A containing 0.3-1.0xl0 6 mast cells. After preincubation for 15 minutes at 37°C, the cells were incubated with 1 /xg/ml of compound 48/80 for 2 minutes at 37°C. This time was sufficient for mast cell degranulation, i.e., for formation of degranulation channels and opening of the channels to the extracellular space, Then four volumes of ice-cold buffer A were added to the cells to cool them, thus leaving the degranulation channels open. 16 The mast cells were then washed free of compound 48/80 and expelled granule remnants by sedimentation at 150g for 5 minutes at 4°C. Finally, the cells were resuspended in 200 ^.1 of warm (37°C) buffer A containing 250 ^.g/ml of either [ M C]sucrose-LDL or pH]CL-LDL. After incubation at 37°C for the time intervals indicated in the figure legends, the reactions were stopped by adding four volumes of ice-cold buffer A. The cells were washed once by centrifugation at 150g for 5 minutes and resuspended in 200 /xl of ice-cold buffer A supplemented with 5 mg/ml commercial heparin for removal of any extracellular cell-associated LDL (i.e., LDL bound to remnants remaining in the open degranulation channels). In a previous study, we found that heparin causes release of the LDL bound to the cell-associated granule remnants. 16 Thus, treatment with heparin yielded a "heparin-resistant" fraction that represents intracellular LDL. After incubation for 10 minutes at 4°C, the reaction mixture was layered onto 340 fi\ of separation medium (0.25 M sucrose, 10 mg/ml bovine serum albumin, and 5 mM tris(hydroxymethyl)aminomethane (Tris)-chloride, pH 7.4), and the tubes were centrifuged at 450g for 15 minutes at 4°C. The supernatant was discarded and the cell pellet resuspended in 200 /xl PBS, and aliquots were taken for determination of radioactivity. An aliquot was treated with trichloroacetic acid (TCA) to determine the degree of intracellular proteolytic degradation of [ 
Restimulation of LDL-Containing Mast Cells
Mast cells were stimulated with compound 48/80 as described above. To induce uptake of LDL, the cells were resuspended in 200 (i\ warm buffer A containing 250 jig/ml l25 I-LDL. After incubation for 90 minutes at 37°C, the cells were sedimented and resuspended in 200 ,1 of fresh buffer A. The cells were then stimulated for a second time with compound 48/80 for 2 minutes, then cooled by addition of ice-cold buffer A, and sedimented as described above. The supernatant (free extracellular medium) was removed for analysis, and the cell pellets were treated with heparin as described above. In addition to the heparin-resistant fraction, the treatment yielded a "heparin-releasable" fraction, representing LDL bound to the granule remnants present in the degranulation channels that were open to the extracellular space. All fractions were then treated with TCA to determine the amount of TCA-precipitable LDL-associated apo B.
24
LDL Uptake After the Second Stimulation of Mast Cells
In experiments in which uptake of LDL was studied after a second stimulation, rats were given an intraperitoneal injection of 1 ml buffer A containing 1 mg protein of [ 3 H]CL-LDL and 10 Mg compound 48/80. After 18 hours, the cells of the peritoneal cavities were collected and the mast cells isolated. To determine the amount of internalized LDL, an aliquot of the mast cell suspension was counted for its 3 H radioactivity. Mast cells were then stimulated for a second time with compound 48/80 (1 Mg/ml) in 200 fil buffer A containing 250 /xg/ml [ 14 C]sucrose-LDL, and incubation was continued for 30 minutes at 37°C. After incubation the cells were sedimented at 150g for 5 minutes, and the 150g supernatants were removed. To sediment the granule remnants, the supernatants were centrifuged at 12,000g for 15 minutes. 20 The 3 H radioactivity of the granule remnants was then measured to determine the amount of LDL secreted into the "free" extracellular medium along with the granules. The cell pellets were treated with heparin to determine the heparin-resistant intracellular fraction of [ 
Electron Microscopic Examination of LDL Uptake by Recovering Mast Cells
Mast cells were stimulated with compound 48/80 and incubated with native or gold-labeled LDL as described above. In the experiment described in Figure 4 , the mast cells were incubated for 18 hours in culture medium (RPMI1640 supplemented with 10 mg/ml human serum albumin, 5% fresh rat serum, 25 mM NaCl, 100 IU/ml penicillin, and 2 mM L-glutamine). 19 After incubation at 37°C for the time intervals indicated in the figure legends, the uptake process was stopped by addition of ice-cold buffer A. The cells were washed twice with buffer A and sedimented by centrifugation at 150g for 5 minutes. The cell pellets were fixed in 2.5% (vol/vol) glutaraldehyde for 60 minutes. To preserve the lipid structures, the cell pellets were postfixed with successive treatments of osmium tetroxide, thiocarbohydrazine, and osmium tetroxide as described previously. 31 The samples were dehydrated and embedded in LX-112 embedding medium (Ladd Research Industries). Ultramicrotome sections were stained with uranyl acetate and lead citrate and viewed with a JEOL JEM-100CX transmission electron microscope at the Department of Electron Microscopy, University of Helsinki.
Modification of LDL by Isolated Mast Cell Granules
Isolated, proteolytically active granules (40 /xg) were incubated at 37°C in 400 fi\ buffer A containing 200 fig LDL. 23 After incubation for 18 hours, the reaction was stopped with PMSF (0.1 mg/ml). The reaction mixture was layered onto 680 /xl separation medium (0.25 M sucrose, 10 mg/ml bovine serum albumin, and 5 mM Tris-chloride, pH 7.4) and centrifuged at 12,000g for 15 minutes at 4 C C. The granule pellet was washed once by centrifugation at 150g for 5 minutes and then prepared for electron microscopy as described above.
Other Assays
Protein content was determined by the procedure of Lowry et al, 32 with bovine serum albumin as the standard. Figure 1A shows part of a rat serosal mast cell with four electron-dense secretory granules, i.e., granules in the cytoplasm that were not involved in degranulation, and two electron-transparent granules, i.e., granule remnants within a degranulation channel opening into the extracellular space. Only the latter granules appear to be covered with gold-LDL. As shown in Figure IB , at 30 minutes the channel openings are closed and the LDL-containing granule remnants are bounded by membranes. Here also, the electrontransparent granule remnants are coated with gold-LDL, and the electron-dense granules appear uncoated. In many similar experiments with recovery times as long as 18 hours, we always found that the gold-labeled LDL particles coated only the electron-transparent granules, i.e., those that had been in the degranulation channels.
Results
Internalization of LDL
The intracellular fate of the internalized LDL was then studied. First, degradation of apo B was studied by using LDL in which the apo B had been labeled with [ ]sucroselabeled proteolytic degradation products do not leak out of the cells. 27 As shown in Figure 2 , the internalized [ 28 fig/10 6 mast cells) of the LDL being converted into TCA-soluble degradation products. When the experiment was performed in the presence of chloroquine, a known inhibitor of lysosomal degradation of LDL, 33 no inhibition of degradation was observed. In contrast, in the presence of PMSF, an inhibitor of granule chymase, 24 degradation of LDL was strongly inhibited; only 6% (0.13 /xg/10 6 mast cells) of the internalized LDL was degraded. The corresponding values for total uptake of LDL in the control cells and in the chloroquine-and PMSF-treated cells after 3 hours were 2.98, 2.68, and 2.14 figjlO 6 mast cells, respectively, 
" In panel A, a rat serosal mast cell shows several intact, electron-dense granules surrounded by granule membranes (arrows) and an electron-transparent granule remnant (GR) that is covered with gold-LDL (small black dots). In panel B, at 30 minutes the channel openings are seen to be closed, and the LDL-containing granule remnants (GR) are again surrounded by membranes (arrows). Bar=200 nm.
indicating that internalization of LDL was not significantly affected by the inhibitors used. When the incubation time was extended from 3 to 18 hours, proteolytic degradation of the LDL was extensive; maximally 70% of the internalized labeled apo B was converted into degradation products. The aforementioned result strongly suggests that the observed proteolytic degradation of LDL was not a lysosomal process but rather occurred in the granule compartment of the mast cells.
To confirm the distinction between lysosomal and granule-mediated degradation of LDL, we studied the hydrolysis of the cholesteryl ester component of the intracellular LDL by using [ 3 H]CL-LDL (Figure 3 ). During a 4-hour incubation, no cholesteryl ester hydrolysis occurred within the mast cells, a finding that accords with the above hypothesis that the observed degradation of LDL was effected solely by the cytoplasmic secretory granules.
We have previously shown that extensive proteolytic degradation of LDL by isolated secretory granules of mast cells leads to modification of the granule-bound LDL. The mast cell granule-modified LDL particles are characterized by selective loss of apo B with a concomitant increase in particle size up to 100 nm. 23 We next studied whether such modified LDL particles were formed within recovering mast cells. For this purpose, mast cells were stimulated in the presence of LDL to induce internalization of LDL. As shown in Figures 4A  and 4B , the granule remnants were surrounded by enlarged LDL particles with diameters of up to 100 nm. These large LDL particles were identical in appearance to those formed when LDL was incubated with isolated granule remnants ( Figure 4C ). When exposed to successive treatments with osmium tetroxide, thiocarbohydrazine, and osmium tetroxide, 31 these modified LDL particles were encircled by the black rims typical of lipid droplets. The above results demonstrate that the LDL taken up from the extracellular space by the granule remnants is subsequently converted to large lipid droplets within the granule compartment of the stimulated mast cells.
In the next series of experiments, we wanted to find out whether mast cells could be restimulated after their internalization of LDL. More specifically, we wanted to examine whether the LDL-carrying granule remnants would react to a second stimulation and whether the intracellularly modified LDL particles would be expelled from the degranulation channels into the free I-LDL that had not been internalized by the stimulated mast cells. After a 90-minute recovery period, the mast cells were again stimulated with compound 48/80 but this time in the absence of LDL. Two minutes after the addition of compound 48/80, the cells were cooled to 4°C to arrest exocytosis and to fix the degranulation channels in an open position. The mast cells were then sedimented by centrifugation at 4°C, and the supernatant, i.e., the free extracellular medium, was removed. The cells were then treated with heparin to separate the LDL bound to the granule remnants present in the open degranulation channels (heparin-releasable fraction) from the LDL bound to the intracellularly located granule remnants (heparin-resistant fraction). Finally, all of the fractions were treated with TCA to measure the amount of LDL-associated apo B. As shown in Table 1 , the second stimulation caused substantial secretion of LDL (0.39 ^g LDL protein per 10 6 cells), i.e., 19% of LDL was lost into the "free" extracellular medium. In addition, 0.79 ^g LDL protein per 10 6 cells was released by heparin from the mast cells, indicating that an additional 37% of the intracellular LDL had been involved in the second stimulation but had remained in the degranulation channels bound to the granule remnants. These results show that as much as 56% (19%+37%) of the LDL that was internalized after the first stimulation was involved in the second stimulation.
FIGURE 3. Line plot showing hydrolysis of the cholesteryl ester component of low density lipoprotein (LDL) internalized by mast cells. Mast cells (5xlO ! ) were stimulated with 1 fig/ml compound 48/80. After incubation for 2 minutes at 37°C, the reaction was stopped by addition of ice-cold buffer A, and the cells were sedimented and resuspended in 200 \sl warm (37°C) buffer containing 250 fig protein per ml of [ 3 H]cholesteryl linoleate-LDL (17,230 dpm/nmol cholesteryl unoleate). After incubation at 37"C for the indicated times, the amounts of free cholesterol (A) and cholesteryl Unoleate
In a direct investigation of the secretion of LDL cholesterol by mast cells, the aforementioned experi-et nl MM, "Round Trio" in Mast Cells
FIGURE 4. Photomicrographs showing intracellular modification of low density lipoprotein (LDL) by secretory granules of recovering mast cells. Mast cells were stimulated with compound 48180 as described in the legend to Figure 1. After incubation for 2 minutes at 37°C, the reaction was stopped by addition of ice-cold buffer A, and the cells were sedimented and resuspended in 200 ul buffer containing 250 ug/ml LDL. After incubation for 30 minutes at 37°C, the cells were sedimented and resuspended in culture medium. After incubation for 18 hours at 37°C, the cells were prepared for electron microscopy as described in "Methods." In a control experiment (panel C), isolated native granules (40 fjg) were incubated at 37°C in 400 ul buffer A containing 200 yg LDL. After incubation for 18 hours, the granules were prepared for electron microscopy as described in "Methods." Panel A: Rat serosal mast cell showing several electron-transparent granule remnants (GR) containing enlarged LDL particles (arrow) within the granule membrane (open arrow). Bar=500 nm. Panel B: Magnification of an area in panel A showing a granule remnant (GR) covered with fused LDL particles (arrow). Bar=200 nm. Panel C: Isolated native granule remnant (GR) covered with enlarged LDL particles (arrow). Bar=200 nm.
ment was repeated by using LDL in which the cholesteryl ester component was radiolabeled ([ 3 H]CL-LDL). After incubation for 18 hours, the mast cells were found to contain 4.5 jig cholesterol per 10 6 cells. In agreement with these results, at the second stimulation 15% of the LDL (recognizable by the label in the cholesteryl esters) was released into the incubation medium. When the released material was centrifuged at 12,000g for 15 minutes to sediment the exocytosed granule remnants, 70% of the cholesterol label was cosedimented, indicating that most of the released LDL remained bound to the granule remnants during sedimentation. This finding was verified by electron microscopy. The sedimented granule remnants that had been exocytosed from the mast cells were found to be covered with modified, enlarged LDL particles similar to those shown in Figure 4 (data not shown) .
A further series of experiments was designed to test whether mast cells, at a second stimulation, could internalize previously unbound LDL. In preliminary experiments, we found that under in vitro conditions the mast cells did not internalize LDL after the second stimulation, thus reflecting their inability to close the degranulation channels a second time. To obtain cells that would be more viable during the second recovery period, we first stimulated mast cells in vivo in the ) were stimulated with 1 n%lm\ compound 48/80. After incubation for 2 minutes at 37 "C, the reaction was stopped by addition of ice-cold buffer A, and the cells were sedimented and resuspended in 200 /il warm (37 °Q buffer containing 250 /tg/ml ™I-low density lipoprotein (LDL) (42, 200 cpm/fig protein) . After incubation for 90 minutes at 37°C, the cells were washed once and resuspended in 200 fd buffer A. The cells were then stimulated for a second time with 1 /xg/ml compound 48/80. After incubation for 2 minutes, the reaction was stopped by addition of ice-cold buffer A, the cells were sedimented, and the supernatant (free extracellular medium) was removed for analysis. The cell pellet was treated with heparin to determine the heparinresistant and heparin-releasable LDL fractions as described in "Methods." All fractions were then treated with trichloroacetic acid (TCA) to determine the amount of TCA-precipitable LDL. Before the second stimulation, the amounts of intracellular and extracellular TCA-precipitable apolipoprotein B were 2.15 and 0.06 jig LDL protein per 10 6 mast cells, respectively. Each value is the average of duplicate incubations. Numbers in parentheses represent the percentages of LDL distribution in each fraction after the second stimulation.
peritoneal cavity of the rats and then restimulated the cells in vitro. Both stimulations were carried out in the presence of labeled LDL, but different markers were used. For this purpose, 1 mg [ 3 H]CL-LDL and 10 /xg compound 48/80 were injected into the peritoneal cavity of rats, and the mast cells were allowed to internalize LDL and recover for 18 hours. The mast cells were then isolated and stimulated in vitro in the presence of [ 14 C]sucrose-LDL. As shown in Table 2 , after the first stimulation the mast cells in the peritoneal cavity took up 0.93 /xg cholesterol per 10 6 mast cells. In accordance with the results presented in Table 1 , at the second stimulation 16% of the intracellular LDL cholesterol that was bound to the granule remnants was expelled into the free extracellular medium. After the second stimulation, the intracellular cholesterol content increased 3.3-fold. Thus, during the second internalization more LDL was taken up than had been secreted, indicating a mechanism by which LDL could potentially accumulate in mast cells. Moreover, the results demonstrate that mast cells, when stimulated, are able to repeatedly take up, modify, and secrete LDL. Discussion Figure 5 shows a model that we propose to account for the observations made in this and an earlier study 16 with respect to uptake, modification, and secretion of LDL by rat serosal mast cells. The novel observation made in this study was that recovering mast cells, which have internalized LDL and modified it in the granule compartment, can secrete the modified particles, still bound to the granule remnants, back into the extracellular fluid. The fate of such LDL-bearing exocytosed granule remnants is likely to be phagocytosis by scaven- ger cells, such as macrophages. This conclusion is based on our earlier observations of isolated granule remnants that were first allowed to bind and modify LDL and were then incubated with macrophages. Such incubations led to massive uptake of LDL, with ensuing formation of cytoplasmic cholesteryl ester droplets, such as are seen in macrophage-foam cells. 22 Rat serosal mast cells take up LDL by a highly specific process in which LDL is bound to the heparin proteoglycan component of the granules that are exocytosed by stimulated mast cells. 16 Previously, we have shown that rat serosal mast cells do not express LDL receptors even under in vivo conditions that greatly enhance LDL receptor activity in other types of rat cells, such as those in the liver and adrenal gland. 24 Accordingly, uptake of LDL by the exocytosed granules appears to be the only specific and regulated pathway that these cells possess for uptake of LDL.
The cytoplasmic secretory granules of the mast cell are considered to be modified lysosomes. 9 In terms of the metabolic fate of LDL, a critical difference between typical lysosomes and the cytoplasmic secretory granules is that the granules contain only one major pair of proteolytic enzymes, chymase and carboxypeptidase A, and totally lack lipolytic activity. 21 ' 23 Accordingly, the LDL in these modified lysosomes is selectively degraded. After partial loss of the apo B component, the LDL particles on the granule surface fuse into large droplets with diameters as large as 100 nm. This contrasts with the fate of LDL particles in typical lysosomes, in which LDL disintegrates completely as a result of complete hydrolysis of all the components, i.e., not only apo B but also the various lipids. The absence of cholesteryl ester hydrolase activity in the cytoplasmic secretory granules of rat serosal mast cells also prevents release of any cholesterol from the cholesteryl ester-filled core region of the internalized LDL particles. Accordingly, even massive uptake of LDL by stimulated mast cells will not result in transfer of cholesterol from the granule compartment into the cytosol. This again would imply that all of the LDL cholesterol present in the granule compartment is metabolically inert. In this respect, the metabolic fate of LDL cholesterol in the granule pathway would contrast sharply with that in the LDL receptor pathway. 34 Indeed, we found that massive uptake of LDL (45-fold) after mast cell stimulation did not lead to suppression of the rate of acetate incorporation into cholesterol in the mast cells (data not shown). Moreover, under similar conditions, no oleate was incorporated into the cholesteryl esters, demonstrating that the granule-mediated uptake of LDL by stimulated mast cells did not lead to activation of acyl coenzyme A:cholesterol acyltransferase 35 (data not shown).
The present study has extended our earlier observations on LDL modification by exocytosed and isolated granule remnants of rat serosal mast cells by demonstrating that a similar modification occurs within mast cells that are recovering after stimulation. Since the critical factor in the granule remnant-dependent modification of LDL is the proteorytic activity of chymase, the presence of inhibitors of proteolysis in the extracellular fluid may block LDL modification. When the experiment on LDL uptake by stimulated mast cells (Figure 2 ) was performed in the presence of a high concentration (1 mg/ml) of trypsin inhibitor, no inhibition of LDL degradation could be observed in the granule compartment of recovering mast cells. Furthermore, when the LDL-uptake experiment (Figure 2 ) was repeated in the presence of high concentrations (up to 20 mg/ml protein) of rat or human lipoprotein-deficient serum containing the natural, neutral protease inhibitors, no inhibition of intracellular LDL degradation was observed (data not shown), suggesting that even the natural proteolytic inhibitors are excluded from the granule compartment. Our previous finding has been that to be internalized by stimulated mast cells, LDL molecules must bind to granules, 16 and trypsin inhibitor does not bind to granules. 20 Accordingly, it seems conceivable that the neutral protease inhibitors present in the extracellular fluid also are unable to bind to granules and so are excluded from the granule compartment. Thus, in terms of proteolysis, the granule compartment of stimulated mast cells appears to be a "protected" environment.
The magnitude and efficiency of the granule-mediated uptake of LDL depend on whether other molecules with an affinity for heparin are present in the extracellular fluid. Such molecules include fibronectin, fibrinogen, and platelet factor 4. 36~38 In the extracellular fluid of most tissues, the concentration of LDL, because of its large size, is much lower than that of the smallmolecular-weight molecules listed above. Indeed, the concentration of LDL in lymphatic fluid is only one tenth of that in the circulating blood. 39 Thus, the smaller molecules with an affinity for heparin that are present in high concentrations in the extracellular microenvironment of the stimulated mast cell effectively compete for binding and may be taken up preferentially. For example, with immunoelectron microscopy, the presence of platelet factor 4 has been demonstrated in the cytoplasmic granules of human mast cells of the skin and breast tissue. 38 In contrast, in the human arterial intima, which contains mast cells of connective tissue type (M. Kaartinen and P.T. Kovanen, unpublished results), the human counterparts of rat serosal mast cells, the concentration of LDL is high and equals or even exceeds that in the blood circulation. 140 Hence, compared with mast cells at other tissue sites, the mast cells in the human arterial intima reside in an environment that favors binding of LDL to the extracellularly located mast cell granules. This conclusion is supported by the numerous findings that indicate that the extracellular proteoglycans present in the arterial intima also interact with LDL. 41 -43 Since heparin, among the glycosaminogrycans tested in vitro, shows the highest affinity for LDL, 44 binding of LDL to granules with ensuing uptake and intracellular modification of LDL by stimulated mast cells is a likely event to also occur in vivo.
